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Phenotypical characterization of spontaneous morphological 
variants of Bacillus sp. strains 
 
Abstract  
The strain Bacillus tequilensis EA-CB0015 (BtqEA15_WT), an active ingredient of a biological 
control agent, developed a morphotype colony variation during a culture process. In order 
to know more about this phenomenon, in this study a group of bacterial strains of Bacillus 
sp., including BtqEA15_WT, and the emerging morphotypes from them were evaluated with 
different phenotypic assays. In brief, colony variants were described as flat, circular, 
glistening, mucoid, white and translucent with an average size of 4.1 ± 0.7 mm, while their 
strain parent colony (WT) was punctiform, crateriform, undulate, dry, white and opaque 
with an average size of 2.3 ± 0.6 mm. WT and variants strains were Gram-stain positive and 
rod-shaped, but differ significantly in their cell size, spore forming efficiency, antagonistic 
activity, biofilm formation and motility. To get more insight into this approach, BtqEA15_WT 
strain and its variant strain were selected to carry out an LC-MS/MS analysis which showed 
a difference between the metabolic profile of WT and variant strain. Finally, an adaptive 
laboratory experiment was performed where different morphotypes, apart from those 
already identified in BtqEA15_WT, were emerged from that strain. Overall, these findings 
suggest that variant strains could presented some modifications in its genomic and 
transcriptomic mechanisms that affect the expression of some bacterial traits.  
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1. Introduction 
Bacterial multicellularity is a phenomenon that was studied for the first time by James A. 
Shapiro more than 25 years ago, who defined it as “the division of the labor among its cells 
to carry out specialized and incompatible chemical process” (Shapiro, 1988). This behavior 
can give the bacteria some advantages such as protection to harsh environments and an 
easier colonization in different niches (Bich, Pradeu, & Moreau, 2019). A model of study of 
multicellularity has been the bacterial species, Bacillus subtilis, whose cells can differentiate 
into multiple subtypes (López, Vlamakis, & Kolter, 2009). Depending on the environmental 
cues sensed by the individual bacterium, specific set of genes can be expressed, giving rise 
to specialized subpopulation of cells, capable of performing different functions such as 
matrix or secondary metabolites production, as well as spore or biofilm formation, among 
other specialized functions (López & Kolter, 2010).  




Further studies on the multicellularity behavior of B. subtilis have shown that the loss of 
specialized functions, such as spore formation and surfactin production, could influence the 
colony architecture, and hence the morphology of the colony (Aguilar, Vlamakis, Losick, & 
Kolter, 2007; Luo, Liu, Zhou, Wang, & Chen, 2015; P. Wang et al., 2015). Such variations 
have been related to bacterial adaptation in response to changes in environmental 
conditions (Sturm & Dworkin, 2015). These changes have been observed during biofilm 
formation as well as during the interaction with other microorganisms (Albarracín Orio et 
al., 2018; Dragos et al., 2018). Some of the biological mechanisms behind these 
morphological changes could be attributed to either spontaneous mutations, genome 
rearrangements, transcriptional regulation, or epigenetic control mechanisms (Van den 
Broek, Bloemberg, & Lugtenberg, 2005).  
The bacterial strain B. tequilensis EA-CB0015 (BtqEA15_WT) (Gen Bank accession number 
KC006063), evaluated in this study, is a Gram-positive bacterium that produces a colony 
that is wrinkled, white, opaque, irregular and punctiform. This bacterial strain was isolated 
from the phyllosphere of a banana plant in Urabá Colombia (Ceballos et al., 2012) and was 
selected as the active ingredient of a biological control agent that reduces the severity of 
Black Sigatoka disease in banana plants (Gutierrez-Monsalve, Mosquera, González, Mira, & 
Villegas-Escobar, 2015). Some of the traits that influenced its selection included its ability 
to form biofilm, the production of surfactant and indolic compounds, and most importantly, 
its outstanding ability to inhibit the growth of Pseudocercospora fijiensis, the causal agent 
of the disease (Ceballos et al., 2012). The develop of the biocontrol agent and the 
mechanisms of action used by this bacterial strain against P. fijiensis has been a subject of 
study more recently. For instance, Villegas-Escobar et al (2013) found a new isoform of the 
lipopeptide family of Fengycin, called Fengycin C. Moreover, Mosquera et al (2014) 
optimized a culture media (called culture media D) in order to improve the biomass and 
antifungal compounds production. Additionally, it was identified that Fengycin C and Iturin 
A were mainly responsible for inhibiting the growth of the fungal pathogen (Mosquera, 
González-Jaramillo, Orduz, & Villegas-Escobar, 2014). In the same year, some adjuvants 
were selected to develop a liquid formulation to keep the viability of the strain and the 
effective action of the metabolites for a long time (Villegas-Escobar et al., 2014). 
However, during the scale-up process to increase the production of biomass, the 
emergence of a different morphotype was detected in the culture. This new morphotype, 
named BtqEA15_M1, has a very different colony morphology than the wild type 
(BtqEA15_WT); being flat, circular, glistening, mucoid, white and translucent. Subsequent 
analysis of this morphological variant revealed that this morphotype was also B. tequilensis, 
according to a phylogenetic reconstruction using a multi-locus sequence analysis (data not 
published). Aiming at better characterizing this new morphotype, some phenotypical 
comparisons were made against BtqEA15_WT and the results showed that BtqEA15_M1 
presented a reduced antifungal activity, it lacked biofilm formation as well as the ability to 




sporulate (data not published), conditions that could potentially affect the shelf-life of the 
biological control agent and its efficiency.  
In order to get a more comprehensive understanding about the possible mechanisms 
involved in the recurrent morphological change of BtqEA15_WT the following strategy was 
implemented. First, different bacterial isolates from the EAFIT strain collection were assed 
to determine if the emergence of morphological variants was ubiquitous among different 
strains. Then, a group of bacterial strains that also presented a morphological variation was 
selected and phenotypic differences such as colony morphology, sporulation, motility, 
biofilm formation and antifungal activity were characterized with respect to their WT. 
Moreover, to gain a deeper understanding about the metabolic differences between 
BtqEA15_WT and its morphological variant (BtqEA15_M1), a metabolomic profile 
comparison, using LC-MS/MS technology, was performed. Lastly, aiming at evaluating the 
morphological evolutionary outcome of growing BsEA15_WT under two different culture 
media, two different adaptative laboratory evolution (ALE) assays were setup.  
 
2. Materials and methods 
 
2.1. Microorganisms, media and growth conditions 
The fungal strains used in this work (Table 1), were conserved in cellulose filter papers at 
room temperature (21°C) and activated in Potato Dextrose Agar medium (PDA, Merck) at 
21°C for 10 d. While the bacterial strains (Table 2 and Table S1 in supplementary material) 
were stored at -80°C in Tryptic Soy Broth (TSB, Merck) with 20% glycerol (PanReac 
AppliChem) and activated in Tryptic Soy Agar medium 50% (TSA, Merck) at 37°C for 24 h, 
before any experimental procedure. B. subtilis 168 and B. subtilis NCIB3610 were used as 
negative and positive control, respectively, for some assays performed. 
 
2.2. Assessment on the occurrence of morphological variations on different strains 
from EAFIT strain collection 
The bacterial strain collection of Universidad EAFIT (Registration No. 191), composed of 
1,496 strains, were previously classified into twenty-five morphological groups (M1, M2, 
M3…M25), according to similarities in colony morphologies. In order to determine if there 
were other bacterial strains, within the culture collection, that presented a similar 
morphological variation as that observed for BtqEA15_WT, 70 bacterial strains were 
selected for evaluation (Table S1 of supplementary material). Each stain was activated on 
TSA 50% (Merck) and incubated at 37°C for a period of 10 d. Daily observation were made 




using a stereoscope (ZEISS Discovery V8) and during the 4th and 5th days, one colony was 
chosen and re-streaked on a fresh TSA 50% plate in order to better observe isolated colony 
morphology changes. Out of the 70 evaluated strains, 49 of them belonged to the M2 
morphotype, which was the same morphology described for BtqEA15_WT. The remaining 
strains were randomly selected so that at least one strain from each of the 24 morphotypes 
was evaluated.  
 
2.3. Isolation of morphological variants from selected Bacillus strains 
The process of isolating the morphological variants of each WT strain of Bacillus sp. 
consisted of the following steps. First, the WT strains were activated on TSA 50% and 
incubated at 37°C for 5 d. After that time, when the morphological variant could be 
observed emerging from the WT strain, a portion of the colony was taken with an 
inoculating loop, streaked on TSA 50% plates and incubated at 37°C for 24 h. From the last 
incubated plate, a small sample of the morphological variant was taken and streaked again 
onto a new TSA 50% plate and incubated under the same conditions explained before. This 
streak plate process was repeated until getting the pure morphological variant. Finally, the 
pure isolated morphological variant was stored at -80°C in TSB with 20% of glycerol.  
 
Table 1. Fungal strains used in this study  
Identification Strain Source Reference 
Fusarium oxysporum EA-HP005 Carnation flowers (Arroyave-Toro, Mosquera, 
& Villegas-Escobar, 2017) 
Colletotrichum acutatum EA-HP012 Tamarillo (Arroyave-Toro et al., 2017) 
Botrytis cinerea  IBUN Bc001 Black berry (Arroyave-Toro et al., 2017) 
 
 
Table 2. Bacillus sp. strains and their morphological variants evaluated in this study  




*                   
Source 
 
Reference  Strain Identification Source Reference 
EA-CB0015 
(BtqEA15_WT) 






B. tequilensis EA-CB0015 This study 
 EA-CB0015_M2 
(BtqEA115_M2) 
B. tequilensis EA-CB0015 This study 
EA-CB0302 
(BsEA302_WT) 






N/A EA-CB0302 This study 
EA-CB0455 
(BsEA455_WT) 















N/A UA321 This study 









2.4. Phenotypical characterization of the bacterial morphotypes 
2.4.1. Cell and colony morphology description 
The bacterial strains (Table 2) were activated as mentioned before in order to characterize 
their cell and colony morphologies. The description of the color, texture and shape of the 
colony formed on TSA 50% plate were made after one day of incubation at 37°C. The size 
of the colony was measured each day for three consecutive days, evaluating 5 colonies of 
each strain every time. The morphological description and measurements of the colony size 
were made using a stereoscope (ZEISS Discovery V8) with objectives Plan S 1.0x FWD 81 
mm of magnification 10X to 80X and pictures were taken with the camera ZEISS AxioCam 
ICc 1 of 60N-C and 0.63X. 
In the case of the characterization of the size and shape of the bacterial cells, Gram and 
spore stains were made from a pure colony of each bacteria that grew on TSA 50% plates. 
For each strain, 3 colonies were strained and 80 cells were measured for each colony using 
a microscope AxioStar Plus ZEISS, reference 31090088028 equipped with a camera AxioCam 
ICc3.   
2.4.2. Sporulation assay 
To analyze and quantify the sporulation efficiency of the bacterial strains, a heat-shock 
assay and a spread plate were made. Briefly, one pure colony of each strain was taken from 
a TSA 50% plate with 2 d of incubation at 37°C, transferred into an Eppendorf tube 
containing 1 mL of sterile distilled water and resuspended with a vortex. After that, serial 
dilutions were made and a drop of the dilutions 10−5 and  10−6 was taken to make a spore 
stain and another 100 µL of the same dilutions were spread on a TSA 50% plates which were 
incubated at 37°C for 24 h. Subsequently, the Eppendorf tubes with the dilutions from 10−1 
to  10−5  were subject to heat-shock at 80°C for 15 min and the process of spore stain and 
spread plates were made as described above. Finally, the colonies that grew after heat-
shock on the TSA 50% plates were counted and the sporulation efficiency was determined 
as the ratio between cells grown after heat shock and total cell counts before heat shock. 
This assay was performed for each bacterial strain, using three replicates per treatment and 
the experiment was independently repeated three times. 
 
2.4.3. Biofilm formation 
Biofilm formation assay was done according to the protocol made by Moshe Shemesha, 
2013. Briefly, the strains were activated as mentioned before and one colony of each were 
inoculated into 10 mL of Lysogeny Broth with glycerol and manganese medium (LBGM, 
glycerol 1% (v/v) (PanReac AppliChem), MnSO4 (0.1mM) (Merck), NaCl (Merck), tryptone 




(Oxoid), yeast extract (Oxoid), and incubated at 37°C for 12 h. The 𝑂𝐷600  of the bacterial 
culture after 12 h was adjusted to 1.0 and 1 mL was inoculated in 4 mL of LBGM in a small 
Petri dish, previously weighted, and incubated it at 37°C for 24 h. In order to quantify the 
biofilm formed by each strain, a pipette was used to remove the remaining culture media 
in the Petri dish and the biofilms were carefully washed with sterile distilled water at 35°C, 
twice, to remove the planktonic cells that could persist. The Petri dish with the biofilm was 
dried at 40°C until it reached a constant weight. The weight of the biofilm was calculated by 
the difference between the weight of Petri dish containing the biofilm and the empty Petri 
dish. Six replicates per bacterial strain were used and the experiment was independently 
repeated three times. B. subtilis 168 and B. subtilis NCIB3610 were used as a negative and 
positive control for this experiment, respectively.  
  
2.4.4. Motility assay 
Swimming and swarming motility were assessed according to Ghelardi et al., 2012; Kearns 
& Losick, 2003, with some modifications. The protocol consisted in inoculating one colony 
of each strain in 10 mL of Luria-Bertani (LB) broth (10 g/L NaCl (Merck); 10 g/L tryptone 
(Oxoid), 5 g/L yeast extract (Oxoid)), each one, contained in an Erlenmeyer of 100 mL and 
incubated at 37°C, 200 rpm for 12 h. Concluded this time, the bacterial cultures were 
centrifuged at 4°C, 4500 rpm for 15 min and the pellets were resuspended in sterile distilled 
water and adjusted to an optical density (𝑂𝐷600) of 1.0.  After adjusting the O.D, the Petri 
dishes with LB 10%, supplemented with 0.7% of agar for swarming and 0.3% for swimming 
(bacteriological agar, Oxoid) with 24 h of being poured, were centrally inoculated with 3 µL 
of each bacterial culture and incubated at 30°C for 24 h. The diameters of the 
circumferences formed by the bacteria in the swarming and swimming plates were 
measured with a digital caliper every 6 h during the incubation time. Three replicates 
(plates) were used for each treatment, and the experiment was independently repeated 
five times, using B. subtilis 168 and B. subtilis NCIB3610 as a negative and positive control, 
respectively. 
 
2.4.5. Antifungal activity screening 
The antifungal activity of all bacterial strains against the F. oxysporum EA-HP005, C. 
acutatum EA-HP012 and B. cinerea IBUN Bc001 were evaluated in vitro with the ring 
method explained by Dhingra and Sinclair (Dhingra & Sinclair, 1995). This method consists 
in centrally inoculating a PDA (Merck) plate with a 5 mm plug of fungal mycelium previously 
grown for 10 d on a same culture medium. On the other hand, the bacterial strains were 
activated as mentioned before and the inner edge of a small Petri dish lid were impregnated 
with the bacteria in order to sow it on the PDA plates around the fungal plug previously 




inoculated, with a ring shape. An additional PDA plate were inoculated only with the 5 mm 
plug, as a negative control. When the growth of the fungus in the control plate reached the 
diameter of the ring formed by the bacteria (6 mm), the radial mycelium was measured 
with a digital caliper. This assay was made in triplicate for each evaluated fungus against 
the 11 bacterial strains (Table 1). This experiment was independently repeated twice, using 
B. subtilis 168 and B. subtilis NCIB3610 as negative and positive controls, respectively. 
 
2.5. Metabolic profile  
2.5.1. Sampling 
BtqEA15_WT and BtqEA15_M1 were activated at 37°C for 48 h in TSA 50%. For the inoculation 
of the seed culture, a heat-shock treated WT colony or a variant colony were inoculated 
into a 100 mL flask containing 20 mL of D media (Mosquera, González-Jaramillo, Orduz, & 
Villegas-Escobar, 2014) and incubated for 15 h at 30°C and 200 rpm. After incubation, 10 
mL of the culture was adjusted to an 𝑂𝐷600 of 1.0 and inoculated into 90 mL of fresh D 
media in a 250 mL flask at 30°C, 200 rpm until they reach: mid-log phase, end of exponential 
phase (called transition phase), and stationary phase.  
Intracellular and extracellular metabolite extraction were performed according to the 
optimized approach proposed by Meyer et al., (2013) for B. subtilis. For intracellular 
sampling at each phase point, 5 mL of each bacterial culture were centrifuged (-8°C, 4500 
rpm, 10 min) in a 15 mL plastic centrifuge tubes. The supernatant was quickly transferred 
to another 15 mL plastic centrifuge tube to process it as explain below (Extracellular 
metabolite sampling), while the pellet was quickly resuspended in 10 mL of chilled 60% 
methanol (MeOH) to stop enzymatic activity and prevent turnover of metabolites and 
centrifuge at -80°C, 4500 rpm for 10 min. The supernatant was discharged, and the pellet 
was frozen at -80°C. 
Frozen quenched pellet was thawed in wet ice, resuspended in 1 mL of 80% MeOH and 
immediately transferred to a pre-chilled 1.5 mL Eppendorf. Cell disruption were performed 
using freeze/thaw cycles. In brief, frozen pellet was thawed on wet ice, vortexed during 30 
sec and frozen again in liquid nitrogen for 1 min and after 10 times, it was centrifuged at -
9°C, 14000 rpm for 5 min. The supernatant was then collected in a separate tube and placed 
on ice. The remaining pellet was resuspended in 500 µL of 80% MeOH, centrifuged as above 
and the resulting supernatant was then mixed with the recollected before in the Eppendorf. 
This cycle was repeated three times and, at the end, the mix of supernatant was stored at -
80°C until freeze-dried.  




For extracellular extraction, at each time point, 5 mL of each cell culture were collected by 
centrifugation (-8°C, 4500 rpm, 10 min). Immediately after, the 5 mL supernatant of each 
sample was placed in liquid nitrogen and stored at -80°C, and then was freeze-dried (Meyer, 
Weidmann, & Lalk, 2013). Control sample consisted of following the same extracellular 
extraction process for D fresh media without any bacteria.  
All the freeze-dried samples were resuspended in 100% MeOH containing 2 µM of 
sulfamethazine as internal standard and stored at -80°C until the analysis in mass 
spectrometer LC-MS/MS were made. In total eight biological replicates per treatment were 
used. 
 
2.5.2. Mass spectrometry and data acquisition 
The analysis of the samples were performed with liquid Chromatography-tandem mass 
spectrometry (LC-MS/MS) in an UltiMate 3000 UPLC system (Thermo Scientific) using a 
Kinetex 1.7 mm C18 reversed phase UHPLC column (50 X 2.1 mm) and Maxis Q-TOF mass 
spectrometer (Bruker Daltonics) equipped with ESI source, at University of California San 
Diego, USA. The mobile phase in the UHPLC was LC-MS grade acetonitrile, 0.1% formic acid 
(Solvent B) and LC-MS grade water, 0.1% formic acid (Solvent A). The linear gradient was 
from 5% to 100% of solvent B in 8 min, held for 2 min and then from 100% to 5% in 0.5 min 
and maintained there for 2.5 min, at a flow rate of 0.5 mL/min throughout the run. 
MS spectra were acquired in positive ion mode in the range of 100 - 2000 m/z. A mixture of 
10 mg/mL of antibiotics with a m/z known was run after every 24 injections for quality 
control. The capillary voltage of 4500 V, nebulizer gas pressure (nitrogen) of 2 bar, ion 
source temperature of 200 oC, dry gas flow of 9 L/min source temperature, spectral rate of 
3 Hz for MS1 and 10 Hz for MS2 was used. For acquiring MS/MS fragmentation, the five 
most intense ions per MS1 were selected, precursor ion was reconsidered for MS/MS if 
current intensity/previous intensity ratio >2.  
 
2.5.3. Data analysis 
The open source MZmine2 software (version 2.38) (Pluskal, Castillo, Villar-Briones, & Oresic, 
2010) was used to perform the feature findings, defining the settings for the mass 
detection, chromatogram building, peak alignment, gap filling, peak detection and 
normalization. The open-access platform GNPS and the open source Cytoscape software 
(version 3.7) were used to analyze the data pre-processed (Shannon et al., 2003; M. Wang 
et al., 2016) 




GNPS feature-based molecular networking job can be accessed via the following link: 
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=2fdd2b668074432495f14e7e36471cbb 
MassIVE links 
The data sets used in this work were deposited in the online repository namely MassIVE. 
The data set named “GNPS - Morphotypes of Bacillus subtilis EA-CB0015” [MassIVE: 




2.6. Adaptive Laboratory Evolution (ALE) Experiment 
BtqEA15_WT was subjected to a serial batch adaptation experiment using either D media 
(33.4 g/L glucose (PanReac Applichem), 32.5 g/L yeast extract (Oxoid), 4.0 g/L MgSO4*7H2O 
(PanReac Applichem), 1.0 g/L (NH4)2SO4 (Merck), 0.5 g/L K2HPO4 (PanReac Applichem), 0.5 
g/L KH2PO4 (PanReac Applichem), 0.042 g/L MnSO4*4H2O (Celoerba), 0.031 g/L CaCl2 
(Carloerba)) or TSB (Merck) media. The first step for this assay consisted on preparing the 
seed population. Briefly, on colony of BtqEA15_WT was inoculated in 100 mL of each media 
contained in a 500 mL flask and incubated at 30°C, 200 rpm for 12 h. The resulting culture 
was adjusted at an 𝑂𝐷600 of 0.5, centrifuged at 4°C, 4500 rpm for 15 min and the 
supernatant was discharged. The pellet was resuspended in 30 mL of TSB with 20% glycerol 
and divided in 15 cryovials of 2 mL (2mL per cryovial), which were stored at -80°C and used 
as seeding population for the adaptive experiment in order to avoid the pre-inoculum 
variation each time. After that, the second step was carried out in order to set up de ALE 
experiment. For this, one of the parent stocks was used to inoculate 18 mL of fresh culture 
medium in a 100 mL flask and incubated at 30°C, 250 rpm for 24 h. Reached that time, 2 mL 
of the culture were transferred to a flask with fresh medium in the same conditions stated 
above, and this process was repeated every 24 h until the assay was finished. In each 
transfer, 2 mL of the culture was harvested to store as glycerol stock at -80°C in order to 
conserve the evolved snapshots of the experiment. Also, 100 µL of sample were used to 
determine the population density in CFU/mL and to identify any morphological changes 
occurring in the adapted population. Six replicates (Erlenmeyer flasks) were used for each 
experiment, and three technical replicates were withdrawn from each flask each day.  
 
2.7. Statistical analysis  
The WT and variant morphotypes were compared using the statistical program RStudio, 
normality, homogeneity of variance and independence assumptions were checked through 




Shapiro-Wilk test, Levene’s test and Durbin-Watson test, and if they fulfilled, ANOVA test 
was made using the Tukey test with a 95% confidence level. 
3. Results 
3.1. BtqEA15_WT produces different morphological variants when grown in solid or 
liquid culture.  
When BtqEA15_WT, previously characterized in Villegas-Escobar et al (2013), is grown on 
TSA 50% at 37°C for 3 d it produces a punctiform, crateriform, ondulate, dry, white and 
opaque colony of 2.1  0.4 mm in diameter (Figure 1A). Although, after 5 d of incubation in 
TSA medium, a new morphotype emerged , which was characterized as a Gram-positive rod 
(1.8 ± 0.3 µm long), non-forming spores, and producing  flat, glistening, mucoid, white, and 
translucent colonies of 4.7 ± 0.4 mm in diameter when isolated in TSA at 37°C for 3 d (Figure 
1B, strain BtqEA15_M1). In other purification process, a second morphotype was isolated 
with a smaller forming colony (3.2 ± 0.3 mm), Gram-positive rod (1.9 ± 0.4 µm long) and 
occasionally forming spores (1.2 ± 0.4 µm) (Figure 1C strain BtqEA15_M2). All strains were 
able to grow in different culture media (TSB, D, LB, DSM, SBM, LBGM) and the 
morphological variants were also detected in liquid culture (data not shown). 
 
                                                           
  
Figure 1. Pictures of strain BtqEA15_WT and its morphological variants. A) Strain BtqEA15_WT, B) 
Strain BtqEA15_M1, C) Strain BtqEA15_M2. These images were taken with the camera ZEISS AxioCam 
ICc 1 attached to the stereoscope ZEISS Discovery V8.   
 
3.2. Bacillus sp. strains with same colony morphology as BtqEA15_WT also formed 
morphological variants in solid culture 
In order to determine if other bacterial strains were able to generate these morphological 
variants, 70 strains of aerobic endospore forming bacteria, were evaluated in TSA by a 
qualitative analysis (supplementary material, Table S1). Forty-six strains, all of which shared 
the same colony morphology as BtqEA15_WT, showed morphological variants after 5 d of 
incubation. Therefore, three WT strains isolated from different geographical regions and 
crops were selected for further analyses, finding that all three formed circular, flat, 








strain (Table 3). Variant cells were Gram positive rods, non-spore forming with the 
exception of strain UA321_M1, which formed fewer spores that is WT strain.  
 
Table 3. Difference between morphological variants and wild type strains of different Bacillus sp.  These 
images and measurements were obtained with the camera ZEISS AxioCam ICc 1 attached to the stereoscope 
ZEISS Discovery V8. * indicate statistically significant differences between WT and variant strains of the same 
strain according to Tukey test (P-value < 0.05).  
 WT strain  Morphological variant strain 
Strain 
 
Picture Colony size (mm)/ 
cell size (m) 
Strain Picture Colony size (mm) 


































3.9 ± 0.4* 
 
cell size (m) 2.2 ±0.4  cell size (m) 1.5 ± 0.3* 













4.8 ± 0.4* 
 
 
 cell size (m) 2.4± 0.4 cell size (m) 1.7 ± 0.3* 
 
3.3. Variant strains isolated from WT strains of Bacillus sp. are affected in key traits 
characteristic of the genera  
The sporulation of Bacillus sp. has been used as a model system to explore basic biological 
processes of bacteria as cell differentiation, intercell communication, gene expression, 
between others  (Tan & Ramamurthi, 2014). For this reason, sporulation efficiency was 
determined for the colonies of the different variants grown in TSA for 2 d. In general, for all 
variants evaluated, sporulation efficiency was reduced almost completely to 1.4% to 0.0% 
(Table 4). These results suggest that other traits such as motility and biofilm formation may 
be affected on the variant morphotypes, given that these traits are governed by the same 
phosphotransferase, which act in a concentration-dependent manner, triggering the 




activation of different genes related to the abovementioned traits (Van Gestel, Vlamakis, & 
Kolter, 2015). 
 
Table 4. Sporulation efficiency, motility and biofilm formation of variant strains isolated from different Bacillus 





Motility   Biofilm 
Swimmingb 
(mm) 
 Swarmingc (mm)  Weightd 
(mg) 
6 h 11 h       6 h                11 h                 
BtqEA15_WT 30.0 ± 2.1  5.7 ± 1.4 c 39.4 ± 2.1 b   5.6 ± 0.7            6.5 ± 0.4 a   9.4 ± 1.3 a 
BtqEA15_M1 0.0 21.7 ± 3.2 a 49.6 ± 4.2 a   5.8 ± 0.2            6.1 ± 0.3 ab   7.4 ± 2.9 ab 
BtqEA15_M2 1.4 ± 3.5  8.9 ± 1.8 b 42.0 ± 3.4 b   5.3 ± 0.3            5.7 ± 0.5 b  8.5 ± 3.4 b 
BsEA302_WT 18.9 ± 1.8  6.6 ± 1.8 B 46.3 ± 5.4 B   5.2 ± 0.5 b            6.2 ± 0.3  11 ± 1.5 A 
EA302_M1 0.0 21.4 ± 2.5 A           70.9 ± 4.1 A   5.7 ± 0.4 a            6.0 ± 0.2  7.5 ± 0.9 B 
BsEA455_WT 20.5 ± 3.2  10.4 ± 0.8 b  44.4 ± 2.7     3.4 ± 2.4 b              6.1 ± 0.3   9.8 ± 1.1 a 
EA455_M1 0.0 17.4 ± 3.7 a 47.9 ± 4.9     5.5 ± 0.5 a             6.4 ± 0.6  7.2 ± 0.9 b 
BsUA321_WT 16.4 ± 2.7  4.8 ± 0.6 b 40.4 ± 4.2 b       4.7 ± 1.0 b           6.1 ± 0.3 B  10.5 ± 2.4 a 
UA321_M1 1.0 ± 3.2 12.5 ± 2.4 a 51.1 ± 5.7 a   4.8 ± 0.5 a             6.4 ± 0.6 A   7.5 ± 4.3 a 
aStrains BtqEA15_WT, BsEA302_WT, BsEA455_WT, BsUA321_WT are wild type (WT) strains. BtqEA15_M1, BtqEA15_M2, EA302_M1, 
EA455_M1 and UA321_M1 are variant strains isolated from WT strains.  
Different letters indicate statistically significant differences between the WT strains and their respective variant according to Tukey 
test: 
b BsEA15 6 d P-value = 0.017, 11 d P-value = 0.006; BsEA302 6 d P-value = 0.03, 11 d P-value = 0.038; BsEA455 6 d P-value = 0.004, 11 d 
P-value = 0.402; , BsUA321 6 d P-value = 0.0004, 11 d P-value = 0.0005; n = 4 
c BsEA15 6 d P-value = 0.461, 11 d P-value = 0.0008; BsEA302 6 d P-value =0.0404, 11 d P-value = 0.191; BsEA455 6 d P-value = 0.032, 
11 d P-value =0.406 ; , BsUA321 6 d P-value = 0.00013, 11 d P-value = 0.0106; n = 4  
d EA-CB0015 P-value = 0.0493; EA-CB0302 P-value = 0.015; EA-CB0455 6 d P-value = 0.016; UA321 6 d P-value = 0.208; n = 3 
 
To determine if the motility was affected in the variant strains, swimming and swarming 
assays were carried out. As showed in Table 4, swimming motility was increased between 
2.4 and 1.2 fold in variant strains (BtqEA15_M1, EA302_M1, EA455_M1 and UA321_M1) in 
comparison with its WT strain at 6 and 11 h after inoculation, reaching in average 52.3 mm  
in diameter. In the other hand, swarming motility was almost constant during the course of 
the evaluation (24 h) reaching around 6.1 mm in diameter, which was practically the size of 
the drop inoculated.  
The development of the biofilm structure depends on the cell differentiation where motile 
cells and spore cells spatially organize to get a mature structure (Vlamakis, Chai, 
Beauregard, Losick, & Kolter, 2013). Therefore, in order to evaluate if this bacterial 
arrangement was affected in the variant strains, a biofilm assay was carried out.  
Qualitatively, all variant strains formed a thin, smooth and weak pellicle in comparison with 
the biofilm formed by the WT strains which was thick, rough and strong (Figure 2). Biofilm 
formed by WT strains was similar in structure as that shown for the well characterized B. 
subtilis NCIB3610, while the biofilm of the variant strains was weaker as that found on B. 
subtilis 168 (Figure 2). These phenotypic changes were also observable when weighing the 




pellicle formed, finding a significantly reduced weight for variants BtqEA15_M1, EA302_M1 
and EA455_M1 (Table 4).  
 
 
Figure 2. Biofilm formation of WT and variant strains of different Bacillus sp. strains.  
 
Finally, another well recognized characteristic of Bacillus sp. strains is its ability to inhibit 
fungal pathogens (P. Wang et al., 2015). Therefore, the antifungal activity of the variant 
strains was determined against F. oxusporum, B. cinerea and C. acutatum. All variant strains 
showed a significant reduction in the inhibition growth of the three-fungus compared to 
their WT strains (Table 5). Additionally, from all fungus tested, C. acutatum was the most 
sensitive against WT strains with percentage inhibition of 66.1% in average, and therefore 
the differences between variant and WT strains were more pronounced. These results could 
suggest that the production of the antifungal metabolites involved in the antagonist activity 















Table 5. Antifungal activity against F. oxusporum, B. cinerea and C. acutatum of variant strains 
isolated from different Bacillus subtilis strains.  







% inhibition  Diameter 
(mm) 
% inhibition 
BtqEA15_WT 41.3  0.7 b  31.7  38.6  1.0 a 37.1  20.2  2.5 b 64.9 
BtqEA15_M2 46.4  2.2 a 19.5  41.3  2.5 b 32.7  36.0  5.2 a 27.4 
BsEA302_WT 39.8  1.6 B 34.2  42.7  3.7 B 30.4  18.9  3.2 B 67.1 
EA302_M1 47.7  2.1 A 21.1  51.4  1.3 A 16.3  34.4  3.2 A 40.2 
BsEA455_WT 38.3  1.9 b 36.6  45.6  1.6 b 25.7  46.7  4.1 a 70.9 
EA455_M1 47.2  5.5 a 21.9  51.4  1.0 a 16.2  40.5  1.8 b 29.7 
BsUA321_WT 41.2  0.7 B 31.8  45.7  1.6 B 25.5  22.2  4.1 B 61.4 
UA321_M1 42.9  1.3 A 29.0  50.3  2.1 A 18.1  25.1  2.6 A 56.3 
Control 60.5  0.6      61.4  2.3    57.6  0.1  
aStrains BtqEA15_WT, BsEA302_WT, BsEA455_WT, BsUA321_WT are wild type (WT) strains. BtqEA15_M2, EA302_M1, EA455_M1 and 
UA321_M1 are variant strains isolated from WT strains.  
bDifferent letters indicated statistically significant differences between the WT strain and its respective variant (Tukey test, p-
value<0.05). 
c% of inhibition was calculated ((control – strain diameter)/control)*100   
 
3.4. Metabolic profile of BtqEA15_WT and BtqEA15_M1 differ in the production of 
lipopetides  
Results in the antagonism assay suggested that the variant strains had a reduction in the 
production of antifungal metabolites, from which lipopeptides of the fengycin and iturin 
families are well recognized for its antifungal activity (Mosquera, González-Jaramillo, 
Orduzb, & Villegas-Escobar, 2014). To better characterize this finding, BtqEA15_WT and 
BtqEA15_M1 strains were selected to perform an untargeted metabolic analysis by               
LC-MS/MS.  
After processing the samples, 2142 metabolites were detected by GNPS (Global Natural 
Products Social Molecular Networking), and then visualized by Cytoscape which consisted 
in nodes (consensus spectra that represent one metabolite) joined by edges, conforming at 
the end clusters according to the similarity of the metabolites. Only 3.3% of the detected 
metabolites were identified (annoted) by matching to the libraries of the GNPS tool. From 
those, surfactin and iturin cluster were annotated and located in the network to analyze 
them closely (Figure 3). Besides that, fengycin C cluster was identified in the network based 
on the m/z values (1399.6, 1429.6, 1415.6, 1443.7) previously reported (Villegas-Escobar et 
al., 2013).   
 
 




                                  








Figure 3. Lipopeptide clusters from the 
molecular network generated by the 
bioinformatic tool Cytoscape. Green color 
represents those metabolites found in the 
BtqEA15_WT strain. Pink color represents 
those metabolites found in the 
BtqEA15_M1 strain. Square figure 
represents those metabolites that are 
annotated in GNPS bioinformatic tool. 
Nodes without color represents Blank 
samples used during acquisition data. 
A) Surfactin B) Fengycin           C) Iturin 
 




When analyzing the lipopeptides cluster, an interesting result was found. As showed in 
Figure 3, iturin and fengycin lipopeptides were only detected in the WT strain B. tequilensis 
EA-CB0015, which could possible explained the reduction of the fungal inhibition of the 
variant strains in the antagonism assay. On the other hand, the surfactin lipopeptides were 
also more abundant in WT than in the variant strain, suggesting a link between surfactin 
production, swarming motility and biofilm formation, because surfactin can reduce the 
surface tension of the culture media allowing motile cells to move easily onto it. Besides, 
surfactin can form bundles with extracellular matrix and cells to forming biofilm structure 
(Liu, Kyle, & Straight, 2018; Pandin, Le Coq, Canette, Aymerich, & Briandet, 2017).  
 
To determine other differences between WT and the variant strain, the network was further 
analyzed finding three big clusters. The first cluster joined all the WT nodes, the second one 
joined the nodes of the variant strain, and the third cluster grouped the nodes shared by 
both strains (Figure 4). Sixteen percent of the total nodes (metabolites) were detected in 
the BtqEA15_WT strain with m/z values between 212.1185 and 1586.3625, while 2.73% 
were found in the variant strain with m/z values between 227.1064 and 941.6253. The 
remaining 81.5% were shared between both strains. These results indicated differences in 
the metabolic profile of both strains, which was also observed with the PCoA (Principal 
Coordinate Analysis) analysis (Figure 5) showing the grouping of three distinct clusters of 
metabolites, one of which indicates that a set of features exclusively belong to 
BtqEA15_WT.  In this plot also showed three different groups formed by control samples 
(QC, MeOH and D media), which indicate an analytical stability and data quality. 
 
Figure 4. Layout built by Cytoscape platform that shows metabolites organized in three groups: 
pink group represents metabolites found in strain BtqEA15_WT, green group represents 
metabolites found in the strain BtqEA15_M1 and the third big group in the middle represents 










    
Figure 5. PCoA obtained through the bioinformatic tool GNPS, representing the distribution of 
metabolites detected in samples. Cluster formation is based on the similarities of the chemical 
information of the samples (m/z value and retention time). Multivariant analysis with Qiime2                
p-value: 0.001. 
 
3.5. Different morphotypes emerged from BtqEA15_WT in an Adaptive Laboratory 
Evolution (ALE) Experiment 
According to the results above, the WT and variant strains showed differences in all assays 
made. Now, with an adaptive laboratory evolution assay, the adaptation capacity of 
BtqEA15_WT and its variants was evaluated in TSB and D medium under a relax selection 
for sporulation. The evolution experiment with TSB lasted 25 consecutive days, which 
corresponded to 104 generations and with the D medium, it lasted 19 days, 86 generations. 
As shown in Figure 6A, the strain BtqEA15_WT had a notorious population size after 4.2 to 
8.3 generations (day 1 = 4.2 ∗ 108CFU/mL, day 2 = 8.9 ∗ 107CFU/mL), being the only 
morphotype detected. After 12.5 generations (day 3), 53.6% of the bacterial population 
(9.1 ∗ 108 CFU/mL) corresponded to the WT strain and 46.4% to morphotypes (variants) 
different from the WT strain, proportion that was maintained during the course of the ALE 
experiment done in TSB medium. These variants were all mucoid but differ in size, color and 
shape (Figure 6B). 
 











Figure 6. A) Adaptive evolution experiment with TSB medium. Blue line represents WT morphotype 
(BtqEA15_WT) and orange line represent variants morphotype. B) Variants that emerged from 
BtqEA15_WT through the adaptive evolution experiment. 
 
Figure 7 shows the evolution experiment done in D media, where the WT morphotype 
(BtqEA15_WT) was the only morphotype detected after 4.5, 9.6 and 13.6 generations      
(day 1 = 2.2 ∗ 108 CFU/mL, day 2 = 5.4 ∗ 108 CFU/mL and day 3 = 4.5 ∗ 107 CFU/mL). After 
18.1 generations (day 4), 51.8% (1.5 ∗ 1010 CFU/mL) of the total population represented 
the WT morphology, while 48.2% of the population accounted for the variant morphology. 
During generations 27.2, 36.3, 63.5, 68, 77, 81 and 86, the variant population surpassed 
that of the WT. The variants emerged from BtqEA15_WT in this assay were mucoid but 


















     BtqEA15_WT 
      Variants morphotype 












Figure 7. A) Adaptive evolution experiment with D medium. Blue line represents WT morphotype 
(BtqEA15_WT) and orange line represents variant morphotypes. B) Variants that emergence from 
BtqEA15_WT strain through the adaptive evolution experiment in D medium. 
 
4. Discussion 
In this study, we identified that different strains of Bacillus sp., sharing a particular colony 
morphology (described as M2), presented the spontaneous emergence of a morphological variant 
during routine laboratory growth conditions and also, we went further into characterizing some of 
the most important phenotypic differences between these morphotypes. Among all the evaluated 
strains, contrasting differences in colony morphology were characterized between the parental, WT 
strains, and their morphological variants. Also, when evaluating at a single-cell level, there were 
dissimilarities regarding cell length, spore size, and spore formation. Besides, all emerging 
morphological variants displayed contrasting differences in specialized features typical of a Bacillus 
strain, such as motility, sporulation, and biofilm formation. More specifically, when evaluating 
motility, it was found that all variant strains increased their swimming motility when compared to 
their parental strains; while swarming motility showed no differences as none of the morphotypes 
(WT or variants) evidenced this type of motility. Additionally, sporulation ability, as well as biofilm 
formation, was either completely lost or severally reduced on two of the morphotypes 
(BtqEA15_M2 and UA321_M1). Similar findings have been reported by other authors, for instance, 























with the fungus Setophoma terrestris. However, in contrast to our findings, this variant strain, 
formed a better-defined biofilm structure, as well as rougher and more wrinkled colonies than their 
parental strain. Nevertheless, their variant morphotype also presented a reduced the number of 
sporulating cells (Albarracín Orio et al., 2018). This phenomenon was also reported for other 
bacteria species by Daan van den Broek et al. (2005) in their study, a Pseudomonas strain presented 
morphological variants with colonies described as thick, small and opaque, compared to the thin 
and translucent WT colonies. The authors of this study also reported the loss of some important 
traits such as root colonization, biocontrol activity and expression of secondary metabolites (Van 
den Broek et al., 2005). Moreover, Clostridium difficile, a Gram-positive, spore-forming and 
anaerobic bacteria, has also been reported for its ability to form two type of colony morphologies, 
one being smooth and circular and a second one, being rough, filamentous and with reduced 
motility (Garrett et al., 2019). 
The reduction in biofilm formation, sporulation ability, antagonistic activity and change in motility 
showed by the variant morphotypes could suggest that, either mutations in related genes had 
occurred, or that the genes involved with these phenotypes were being expressed differentially with 
respect to their WT morphotypes. Cell differentiation in bacteria relays in intricate regulatory 
networks. In the case of B. subtilis,  this regulatory network is governed mainly by three transcription 
factors: Spo0A, ComA and DegU (Arrieta-Ortiz et al., 2015; Yang et al., 2015). In particular, genes 
associated with motility, sporulation ability and biofilm formation are governed by the master 
regulator Spo0A (Powers, Sanabria-Valentín, Bowers, & Shank, 2015), which must be 
phosphorylated (Spo0A~P) in order to trigger the expression of the related genes. When Spo0A~P 
is at low concentration within the intracellular space, the expression of motility genes occurs and 
also, a moderate amount of extracellular matrix genes also are expressed. On the other hand, when 
high concentrations of Spo0A~P is achieved, the sporulation pathway gets triggered (Powers et al., 
2015; Smits, Kuipers, & Veening, 2006). In order for this phosphorylation process to begin, the 
protein kinases, located in the cellular membrane, have to get activated by extracellular signals, 
such as metabolites. In particular, after kinase C (KinC) is activated, the phosphotransferase Spo0F 
gets activated (Spo0F~P) and it phosphorylates Spo0B (Spo0B~P), which in turn donates its 
phosphoryl group to Spo0A (Yang et al., 2015). For that reason, we hypothesized that a mutation or 
changing in the expression of genes of this gene-signaling cascade could be the reason variant 
morphotypes did not produce extracellular matrix and its sporulation ability was reduced. 
Surfactin, a lipopeptide secreted by bacteria of Bacillus sp., has been identified as one of the 
molecules that stimulate KinC to initiate the phosphorylation process and trigger genes that are 
under the control of the master regulator Spo0A (Lopez, Fischbach, Chu, Losick, & Kolter, 2008). 
Additionally, it has been reported that surfactin is also important for the formation of complex 
colony morphologies, biofilm structures and the reduction of superficial tension related to swarming 
motility. Moreover, it has been reported to act in synergy with the lipopeptides fengycin and iturin 
to inhibit the growth of different plant pathogens (Liu et al., 2018; Luo et al., 2015; Pandin et al., 
2017; P. Wang et al., 2015). According to this information, along with the phenotypic 
characterization of the morphological variants, we hypothesized that the variant morphotypes could 
have lost, or at least reduced, their ability to produce lipopeptides. This hypothesis was later 




confirmed with by the analysis of the metabolic profiles of BtqEA15_WT and BtqEA15_M1 using    
LC-MS/MS technique where we were able to corroborate that the variant morphotype did not 
produce fengycins and iturins, and that the production of surfactin was severely reduced, when 
compared to its WT. 
Regarding the activation of the second master regulator, ComA, its phosphorylation cascade begins 
with the production of ComX; a pheromone constantly secreted by Bacillus cells. ComX is detected 
by ComP, whose function is to phosphorylate the global transcriptional regulator ComA during the 
stationary phase. Once ComA gets phosphorylated, it activates the expression of srfA, one of the 
genes needed for the production of surfactin (Yang et al., 2015; Zhi, Wu, & Xu, 2017). At the same 
time, ComA~P regulates the expression of DegQ, a regulator gene that is essential for the synthesis 
of iturin and plipastatin, and also, a regulator for the phosphorylation of DegU, the third master 
regulator (Do et al., 2011; P. Wang et al., 2015). Given that the biosynthesis of lipopeptides mainly 
depends on the master regulator ComA and added to the defective production of such compounds 
in the morphological variants, it is possible to think that the expression of ComA is also being 
affected. 
Based on the rapid emergence and abundance of the morphological variants during the evaluated 
conditions, it is possible to think that the phenotypical changes of the bacteria could be the result 
of an adaptation mechanism. Hence, we hypothesized that if the phenotypical changes of the 
variant morphotypes conferred an adaptative advantage to the bacteria, we would expect the 
whole population to present the variant morphology after several generations. To get further 
insights into this idea, we performed two adaptative laboratory experiments, using BtqEA15_WT 
strain in TSB and D media as the study model. During these evaluations, the bacterial culture were 
subjected to prolonged cultivation under defined nutrient-rich conditions (Sandberg, Salazar, Weng, 
Palsson, & Feist, 2019).  
The results obtained in TSB media showed the emergence of the new morphological variants very 
early during the experiment, after 12.5 generations. However, it was observed that throughout the 
whole experiment, both populations persisted, with the WT population being greater than the 
population of the morphological variants. In a selective sweep mechanism, the appearance of a 
presumed beneficial mutation would have survive genetic drift until it reached genetic fixation, 
eliminating any other genetic variation and finally dominating the population. However, not in all 
cases of selective sweep, genetic fixation is reached, such in the case of our observations. It could 
be possible that the rate of the spread of the beneficial mutation through the population could have 
been slowed given that such mutant population needs to first compete against a more-fitted 
competitor (in this case, the WT population, or even other possible beneficial mutations that could 
have arisen). This situation could be repeated many times along of many generations, until one of 
those beneficial mutations reaches genetic fixation, suppresing the ancestral population (Barrick & 
Lenski, 2013). For that reason, we suggest that an ALE experiment with many more generations than 
evaluated in this work, even more than 200, could be performance to evidence a possible genetic 
fixation of variant population.   




On the other hand, the ALE experiment performed in D media showed a little bit of a delay during 
the emergence of the variant population, given that it appeared after 18 generations. This delay and 
the difficulty in the adaptation of variant morphotypes could be possibly explained by an 
antagonistic pleiotropy mechanism, a conditional mutation, that affects more than one bacterial 
trait which could display a high and functionality adaptation in one environment but not in another 
one. For this reason, the adaptation of a population could be laborious and under these conditions 
it could be almost impossible that variant morphotype dominates the population (Elena & Lenski, 
2003). However, in this study observed sometimes at which the variant population exceeded that 
of the WT, suggesting that a beneficial mutation could have taken place and be beneficial during the 
evaluated conditions.  
Comparing these findings to the literature, the generation at which the variant morphotypes start 
to appear are much faster that any of the other studies. For instance, Maughan and Nicholson (2011) 
detected small colony variant of B. subtilis in an evolution assay of 6,000 generations. They reported 
the appearance of the phenotypic variants after 1,604 generation and the variant population was 
fixed after 2,766 generations (Maughan & Nicholson, 2011). Dragos et al. 2018, found different 
morphotypes (wrinkle, rough, smooth) of a B. subtilis strain in an evolution assay for over 200 
generations (Dragos et al., 2018). This difference could be explained due to the selective sweep, in 
which the beneficial mutations prevails given that it provides a fast adaptation to the environment.  
 
5. Conclusions 
In this study, a phenotypical comparison between Bacillus sp. strains and their variants were made. 
According to the results, variant morphotypes differed to their WT strain not only in their 
morphological description but also in some key traits of genre Bacillus sp. as sporulation, motility, 
antagonism activity and biofilm formation. Besides, they had differences in their metabolomic 
profile and the strain BtqEA15_WT showed more variant emergences from it in an adaptive 
laboratory experiment.  
Those differences between strains could happen because of the presence of some mutation in the 
bacteria genome or a change in the gene expressions. Those mutations could be spontaneous and 
could be preexisting in the bacteria. To get insights to this hypothesis is necessary to do a genomic 
and transcriptomic analysis which showed possible mutations that cause the phenotypic differences 
between WT strains and their respective variants. That will be the next step to know more about 
this phenomenon and could detect its cause. Besides, it is important to perform an ALE experiment 
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EA-CB0123 B. subtilis Banana Phyllosphere M1 No 
EA-CB0015 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB0229 B. subtilis Banana Rizhosphere M2 Yes 
EA-CB0250 B. subtilis Banana Rizhosphere M2 Yes 
EA-CB0455 B. subtilis Banana Rizhosphere M2 Yes 
EA-CB0458 N/A Banana Rizhosphere M2 Yes 
EA-CB0498 N/A Plantain Phyllosphere M2 Yes 
EA-CB0560 N/A Banana Rizhosphere M2 Yes 
EA-CB0606 N/A Banana Rizhosphere M2 Yes 
EA-CB0757 N/A Banana Rizhosphere M2 Yes 
EA-CB0795 N/A Banana Phyllosphere M2 Yes 
EA-CB0803 N/A Banana Phyllosphere M2 Yes 
EA-CB0827 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB0844 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB0845 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB0862 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB0879 N/A Banana Phyllosphere M2 Yes 
EA-CB0904 B. subtilis Plantain Phyllosphere M2 Yes 
EA-CB0932 N/A Banana Phyllosphere M2 Yes 
EA-CB0933 B. subtilis Plantain Phyllosphere M2 Yes 
EA-CB0943 N/A Banana Phyllosphere M2 Yes 
EA-CB0946 B. subtilis Plantain Phyllosphere M2 Yes 
EA-CB0947 N/A Plantain Phyllosphere M2 Yes 
EA-CB1008 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB1010 N/A Plantain Phyllosphere M2 Yes 
EA-CB1032 B. subtilis Banana Phyllosphere M2 Yes 
EA-CB1067 N/A Banana Phyllosphere M2 Yes 
EA-CB1070 N/A Banana Phyllosphere M2 Yes 
EA-CB1105 N/A Banana Phyllosphere M2 Yes 
EA-CB1116 N/A Banana Rizhosphere M2 Yes 
EA-CB1121 B. subtilis Banana Rizhosphere M2 Yes 
EA-CB1146 B. subtilis Plantain Phyllosphere M2 Yes 
EA-CB1156 N/A Banana Phyllosphere M2 Yes 
EA-CB1169 N/A Banana Phyllosphere M2 Yes 
EA-CB1171 N/A Plantain Phyllosphere M2 Yes 
EA-CB1208 N/A Plantain Phyllosphere M2 Yes 
EA-CB1216 N/A Plantain Phyllosphere M2 Yes 
EA-CB1259 N/A Banana Phyllosphere M2 Yes 
EA-CB1264 N/A Banana Phyllosphere M2 Yes 
EA-CB1320 N/A Banana Phyllosphere M2 Yes 
EA-CB1421 B. 
amyloliquefaciens  
Banana Rizhosphere M2 Yes 
EA-CB1425 B. 
amyloliquefaciens  
Banana Rizhosphere M2 Yes 
EA-CB1447 N/A Plantain Rizhosphere M2 Yes 
EA-CB1448 N/A Banana Rizhosphere M2 Yes 
EA-CB1485 N/A Plantain Phyllosphere M2 Yes 
EA-CB1486 B. subtilis Banana Phyllosphere M2 Yes 
UA321 B. subtilis Chrysanthemum 
Rizhosphere 
M2 Yes 
EA-CB0057 N/A Banana Rizhosphere M3 No 
EA-CB0003 N/A Banana Rizhosphere M5 No 




EA-CB0219 N/A Banana Rizhosphere M6 No 
EA-CB0225 N/A Banana Rizhosphere M7 No 
EA-CB0361 N/A Plantain Rizhosphere M8 No 
EA-CB0575 B. subtilis Banana Rizhosphere M9 No 
EA-CB0621 N/A Banana Rizhosphere M10 No 
EA-CB0417 N/A Plantain Phyllosphere M11 No 
EA-CB0500 N/A Banana Phyllosphere M12 No 
EA-CB0388 N/A Plantain Rizhosphere M13 No 
EA-CB0430 N/A Banana Rizhosphere M14 No 
EA-CB0506 N/A Banana Phyllosphere M15 No 
EA-CB0360 N/A Banana Rizhosphere M16 No 
EA-CB0309 B. pumilus Banana Rizhosphere M17 No 
EA-CB1453 N/A N/A M18 No 
EA-CB1040 N/A Banana Phyllosphere M19 No 
EA-CB0260 N/A Banana Rizhosphere M20 No 
EA-CB0147 N/A Banana Rizhosphere M21 No 
EA-CB0861 N/A Banana Rizhosphere M22 No 
EA-CB0853 N/A Banana Phyllosphere M23 No 
EA-CB1313 N/A Banana Phyllosphere M24 No 
EA-CB0006 N/A Banana Rizhosphere M25 No 
* Identification was made by an analysis of the 16S rDNA sequence. N/A: not available 
** M1: Irregular-undulate-crateiform-wrinkle-white. M2: Punctiform-crateriform-undulate-dry-white-opaque M3: Irregular-undulate-
flat-wrinkle-white. M5: Round-entire-convex-smooth-sparkly-yellow-cream. M6: Round-entire-convex-smooth-sparkly-white-
transparent. M7: Punctiform-irregular-curly-convex-smooth-sparkly-white-cream. M8: Punctifom-round-entire-raised-wrinkle-sparkly-
yellow-cream. M9: Punctifom-enter-raised-wrinkle-sparkly-white-cream. M10: Punctiform-enter-raised-smooth-sparkly-cream-
transparent. M11: Irregular-enter-umbonate-raised-smooth-sparkly-cream-transparent. M12: Round-undulate-convex-wrinkle-sparkly-
white. M13: Irregular-filamentouse-flat-wrinkle-white. M14: punctiform-irregular-undulate-raised-wrinkle-cream. M15: Irregular-
undulate-convex-smooth-sparkly-white-cream. M16: Punctiform-round-entire-convex-smooth-sparkly-orange. M17: Round-entire-
convex-smooth-wrinkle-orange. M18: Punctifomr-round-entire-convex-smooth-sparkly-purple. M19: Punctiform-entire-convex-smooth-
sparkly-red. M20: Round-entire-raised-smooth-white-cream. M21: Punctiform-entire-raised-smooth-sparkly-yellow. M22: Round-entire-
convex-wrinkle-sparkly-white-transparent. M23: Irregular-lobate- raised-umbonate-wrinkle-white. M24: Irregular-undulate-convex-
wrinkle-sparkly-cream. M25: Punctiform-entire-convex-smooth-sprinkle-white. 
